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Radiation from laser-produced plasmas was examined as a potential wavelength calibration source for spectrographs
in the extreme ultraviolet (EUV) region. Specifically, the EUV emission of chromium (Cr) plasmas was acquired via spatio-
temporally resolved emission spectroscopy. With the aid of Cowan and flexible atomic code (FAC) structure calculations,
and a comparative analysis with the simulated spectra, emission peaks in the 6.5-15.0 nm range were identified as 3p—
4d, 5d and 3p—4s transition lines from CroT—Cr'%t jons. A normalized Boltzmann distribution among the excited states
and a steady-state collisional-radiative model were assumed for the spectral simulations, and used to estimate the electron
temperature and density in the plasma. The results indicate that several relatively isolated emission lines of highly charged

ions would be useful for EUV wavelength calibration.
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1. Introduction

Laser-produced tin plasmas and gas-discharge xenon
plasmas have been widely investigated because their compact-
ness and high emissivity around 13.5 nm make them an at-
tractive extreme ultraviolet light (EUV) source.!'>! In previ-
ous studies, tin spectra in the 13.5 nm region show a com-
plicated spectral profile with a broad reabsorption band and
several pronounced dips. The true spectral profiles of tin
ions in optically thick plasmas are distorted to yield the ob-
served profile by self-absorption features owing to the opac-
ity effect.[®) Meanwhile, the fact that more than tens of thou-
sands of individual lines contribute to the quasi-continuum
band or unresolved transition array (UTA) spectral profile in
the EUV region presents a challenge to the accurate analysis of
the EUV experimental spectra.!”l Therefore, a high-resolution
EUV spectrograph is an indispensable tool to accurately de-
termine the radiation properties and to analyze the evolution
of the short-wavelength plasma light sources. However, most
spectrographs require accurate wavelength calibrations before
each measurement. /311!

The wavelength calibration of a spectrograph directly af-
fects the spectral analysis. For example, grazing-incidence
spectrographs disperse light with a grating while recording
the spectrum with a charge-coupled device (CCD), and cali-
bration is needed to determine the wavelength of each char-
acteristic peak on the CCD. Each pixel of the detector cor-
responds to a specific wavelength, and calibration estab-
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lishes the pixel-wavelength relationship. For wavelengths
below 200 nm, the common calibration sources are hollow-
cathode gas discharges,!!'?! multiple-anode sources,!!3 and
laser-produced plasmas (LPPs). Relative to LPPs, the other
two sources are expensive and their calibration process is te-
dious.

LPPs have high densities and temperatures and consist
of highly-charged ions. They emit intense radiation from the
visible to x-rays,!!42% and are typically produced by a high-
energy pulsed (e.g., Q-switched) laser focused on a solid tar-
get. Highly charged ions of several low Z elements, such as
C,[1211 gj,[22.23] A] [2425] g [26] gpnd O,27) have isolated spec-
tral features in the EUV and soft-x-ray regions that offer good
resolution and spectral characteristics typical of simple energy
level structures. Therefore, they can be used as potential cal-
ibration sources for EUV spectrographs. However, due to the
limited number of spectral lines from low Z elements in the
EUV region, auxiliary calibration using isolated EUV spectra
of middle Z elements is necessary.

In this paper, we demonstrate the wavelength calibration
of a grazing incidence grating spectrograph with known spec-
tral lines from C, Si, Al, and S LPPs. In addition, the EUV
spectra of chromium (Cr) LPPs are analyzed to obtain spectral
lines of highly charged ions for EUV wavelength calibration
in the 6.5-15.0 nm range.
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2. Experimental setup and wavelength calibra-
tion of grazing incidence spectrograph in the
EUY region

Details of the experimental setup for spatio-temporally
resolved LPPs emission spectroscopy have been reported
previously,?®! and will be briefly described here. A Nd : YAG
laser (PRO-350, Spectra-Physics) with a fundamental wave-
length of 1064 nm and pulse width of 10 ns was used to pro-
duce plasmas in a vacuum chamber by tightly focusing the
beam on a planar Cr target. The EUV radiation was coupled
into the 10 um entrance slit of a 1.0 m focal length grazing
incidence spectrograph (McPherson 310 G), equipped with a
600 grooves/mm grating. The dispersed spectra were detected
with a 40 mm diameter micro channel plate (MCP) detector
coupled via a coherent fiber-optic bundle to a 1024 x 255 pixel
charge coupled device. The spectra were temporally resolved
by gating the MCP with a negative voltage pulse (—2200 V)
for a minimum width of 60 ns. The spectrograph covered
the spectral region of 6.6-68 nm via a Rowland circle. Here,
the spectral measured range was fixed over 6.5-15 nm, corre-
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sponding to resolving powers (1/AA) from 361 to 4286, re-
spectively.

To obtain the dispersion function of the spectrometer,
well-known lines from highly charged C, Al, Si, and S, and
their higher-order diffractions were used to cover the whole
wavelength range of interest, as shown by the symbols in
Fig. 1(a).
length calibration so that the relationship between the tran-

Several peaks were deconvoluted before wave-

sition wavelength and peak pixel could be accurately de-
termined. These included two Si peaks at 11.79 nm and
11.90 nm, two Al peaks at 12.52 nm and 13.05 nm, and three
S peaks at 7.24 nm, 14.53 nm, and 14.63 nm, which have been
indicated in Fig. 1. A total of twelve lines were used in the
calibration with wavelength values taken from the National
Institute of Standards and Technology (NIST) atomic spectra
database (ASD).!?*! A parabolic polynomial was used to fit
the pixel versus wavelength calibration, as plotted in Fig. 1(b).
Multiple measurements and calibrations revealed that the cal-
ibration parameters were constant. This dispersion function
was also used to calibrate the Cr spectra.
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Fig. 1. Experimental spectra and wavelength calibration. (a) Spectral profile analysis based on known spectral lines of laser-produced C, Si,

Al, and S plasmas, (b) polynomial fitting.

3. Analysis of EUV spectral profiles of laser-
produced Cr plasmas

To avoid line shifts and to reduce opacity effects on the
spectral profiles, the entrance slit width was set to 10 pm, and

the MCP gate width was set to 60 ns. Figure 2(a) shows a

spectrum in the 6.5-15.0 nm range produced with a laser in-
tensity of 2.0 x 10'! W/cm?. The spectrum was recorded at
a location 1.5 mm away from the target surface and at a 55-
ns time delay. To obtain accurate values of the central wave-
lengths and intensities, each peak was decomposed into Gaus-
sian peaks by single- or multi-peak fitting methods. As dis-
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played in Fig. 2(b), 36 preliminary lines were obtained accord-
ing to the symmetry of the spectral peak profiles.
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Fig. 2. Laser-produced Cr plasmas spectrum in the 6.5-15 nm wave-
length range: (a) experimental spectrum and (b) decomposed lines.

From the perspective of atomic structure analysis, the ex-
perimental peaks in the spectra were identified via the NIST
database and Hartree—Fock calculations of the Cowan RCN,
RCN2, and RCG suites with configuration interaction codes
and the flexible atomic code (FAC).!?*73!! For the energy lev-
els, wavelengths, weighted oscillator strengths, and transition
probabilities, the excited-state basis contained 3s>3p>3d4s/4d
(for CrT), 3s23pfns, 3s*3pfnd (n = 4.5, k = 5 for Cr%*, k=4
for Cr’*, k = 3 for Cr®*, k = 2 for Cr®*, and k = 1 for Cr!0).
To optimize the output, the Slater—Condon integrals (F k Gk,
and R*) were reduced to 87%, while the spin parameter (&)
was retained. In comparison, the emission lines could be iden-
tified from the 3p—4s, 4d, 5d transitions lines of Crot—Cr!0+
ions.

In the experimental and simulated comparative analysis, a
steady-state collisional-radiative model was used to calculate
the ion fractions at different ionization stages as a function
of electron temperature and electron density.*?! Figures 3(a)
and 3(b) plot the ion fractions of Cr>*—Cr!®* ions as a func-
tion of electron temperature assuming an electron density
N, = 6.4 x 10°° cm™3, and as a function of electron density
assuming an electron temperature 7, = 28.2 eV, respectively.
It is apparent that the electron temperature in the 15-43 eV

3 range

range and the electron density in the 10'°-10%! cm™
can produce Cr>*—Cr!'%F ions.

In order to reproduce the experimental spectra and find
the relationships between the experimental conditions and
plasma parameters, a series of simulated spectra as a func-
tion of T. and N, have been obtained and compared with the
experimental spectrum. Here, the total emission line profile
was obtained by weighting and summing the corresponding
Boltzmann factors and ion fractions for each ion and by con-
volving each line with a Gaussian function with a full width
at half maximum (FWHM) of 0.09 nm. After comparison, a
simulated spectrum closer to the experimental profile could

be obtained. Usually, a minimum value among the devia-
tions was less than 5%. This means that the best estimated
value of the plasma temperature and electron density was
obtained. Figure 4 shows the comparisons among the ex-
perimental spectrum and simulated spectra for an electron
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Fig. 3. Cr plasma charge-state ion fractions as a function of (a) electron
temperature and (b) density. The vertical dashed lines show the relative
ion fraction of different charge-state at an assumed electron temperature
and electron density.
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Fig. 4. Comparison between measured and simulated spectra: (a) ex-
perimental spectrum, (b) Cowan simulated spectrum, and (c) FAC sim-
ulated spectrum.
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temperature of 28.2 eV and an electron density of 6.4 x
1020 cm—3.

recorded at a location 1.5 mm away from the target surface and

Figure 4(a) shows the experimental spectrum

at a 55 ns time delay. Figures 4(b) and 4(c) show the simulated
spectra based on the atomic data from Cowan and FAC calcu-
lations, respectively. To realize mutual benchmark of Cowan
and FAC calculations, the simulated spectra in Figs. 4(b) and
4(c) were obtained based on the same ion fractions and en-
ergy level populations. The inset bar chart shows the calcu-
lated ion fractions as a function of ionization stage. It can be
seen by comparison that there is good agreement between the
experimental and two simulated spectra, especially for wave-
lengths and intensities of intense lines from dominant ions.

The respective fractional contributions of Crot—Cr!%* ions
were about 2.8%, 22.8%, 40%, 25.6%, 5.3%, and 3.5%.

Table 1 summarizes the observed and identified wave-
lengths, as well as other transition data that could be used
for spectral simulations and comparative analysis. The data
are arranged in order of wavelength, while the experimental
wavelengths obtained by deconvolution are listed in the fourth
column. The identified wavelengths obtained from the NIST
database and calculated from FAC and Cowan codes are listed
in the fifth to seventh columns. The final two columns give the
transition probabilities from the FAC and Cowan calculations,
which may be useful for future measurements of lifetimes and
plasma spectra.

Table 1. Summary of measured and calculated data. The same number with different postscripts (in the first column) denotes the

blending lines, the “*” indicates the new lines.

e Wavelength/nm Transition probability

Index Ion Classification 0 0

Exp. NIST Calc. (FAC) Calc. (Cowan) gA(FAC)/10 gA(Cowan)/10

* o+ 3s%3p23P;-3523p! 5d°P, 6.7340.02 6.71 6.70 40.9 36.9
¢ Crl0+ 3s23p?3P;-3s23p' 5d°Py 6.94+0.02 6.94 6.94 38.9 40.4
3 crl% 323p21D,-3s23p! 5d°F, 7.49+0.05 7.47 7.50 4.00 4.29
Cr'0t  3s23pPPy-3s23p'4d’D, 8.05+£0.07  8.10 8.06 8.06 9.98 9.87
5 Cr'0t  3s23p21D,y-3523pl4d2F; 8.1740.06 821 8.21 8.23 24.9 11.8
6" Crt 3s23p*S;,-3s73p?4d’Py ), 8.6240.04 8.62 8.61 5.89 6.20
7* Crot 3s73p¥P;,-3573p%4d?Ds ), 9.0240.02 9.01 9.02 3.28 3.96
g*  Cr¥t 3s23p™ P -3s23p>4d°Py 9.1840.03 9.19 9.20 2.56 2.13
o Crdt 3s23p*' D,-3s23p34d' D, 9.33+0.07 9.31 9.35 2.36 2.20
9b Crd+ 3s23p*3P;-3s%3p>4d°D, 9.38+0.07  9.43 9.43 9.45 1.85 1.73
100 Crdt 3s23p*' D,-3s23p>4d' D, 9.62+0.05  9.65 9.64 9.64 1.26 1.19
10> ot 3523p*3P,-3s23p>4d°D; 9.71+£0.06  9.72 9.71 9.68 2.59 237
10° Crdt 3s23p¥P,-3s23p34d’D, 9.80 9.74 9.77 2.54 2.67
11 cr'or 3s23p2! P —3s23p'4s’P; 9.93+0.05  9.95 9.92 9.93 22.8 21.7
122 Cr't 3s73p¥P;-3s73p*4d°Ds ), 10.1940.07  10.25 10.22 10.23 3.84 3.94
125 Cr't 3s23p32P; ,-3s73p*4d’Py ), 10.26 10.26 5.09 5.19
13 Gt 3s%3p72P;p-3s73p*4d’Ds),  10.53£0.05 1057 10.54 10.54 4.48 4.16
14 G’ 3s73p7P; p-3s73p*4d’D;,  10.64£0.04 1067 10.66 10.63 6.99 6.11
158 Cf 3s23p*2Ds),-3s23p%4s?P3, 1095+ 0.04  10.98 10.94 10.95 3.50 2.59
15 CPt 3s23p?D;)-3s73p%4s’P,  11.014£0.06  11.04 11.03 11.02 5.21 4.84
15 ¥t 323p*2P;,-3523p?4s”Ds 11.11 11.10 11.10 3.89 3.50
16 Cr°"  3s23p¥D;))-3s?3p%4s*Py,  11.2040.05 11.22 11.19 3.29 2.18
17 C®t 3s23p¥P ,-3s73p?4s?P;,  11.39+0.03  11.37 11.40 11.37 3.34 2.33
18 O 3¢73pS'S)-3s?3p34d'Py;,  1151£0.05 1154 11.50 11.51 4.99 4.46
198 3s23p9P-3s?3p°4d*Dy 11.61+0.07 11.67 11.61 11.62 429 4.46
9% Crét 3s23p01Sy-3s23p4d’P, 11.67 11.66 4.48 6.11
20 Crft 3s23p™ P -3s23p>4s°D, 11.91+0.05 11.93 11.90 11.91 1.04 1.05
21 Crdt 3s23p*1Dy-3s23p34s' D, 12.10+£0.06  12.13 12.09 12.12 2.57 242
22’ 3s?3p*1Sp—3s23p’4s! Py 12.26+0.04  12.27 12.26 12.27 3.73 3.54
23 Ot 3s73p7Py)-3s73p*4s?S ,  12.4740.04 1242 12.47 12.49 3.11 2.94
24*  CrPt 3p3d*Ds)-3pP3d4dDs;,  12.73+40.03 12.74 12.71 26.3 28.7
25¢  CrPt 3p®3d2Ds)p-3p°3ddd?Ps,  12.92:+0.03 12.91 12.94 37.1 35.5
26 Cr't 3s73p72P;-3s73p*4s’Py, 13194002 13.23 13.21 13.23 2.85 278
27*  CT 3p®3d"2Dy),-3p3dds’Py,  13.72+40.02 13.73 13.77 40.9 36.9
28% Ot 3s23p01Sy—-3s23p°4d’P, 14.1540.02 14.15 14.13 3.01 2.85
29 Crof 3s23p01Sy—-3s23p°4d' P, 14.594+0.06  14.65 14.63 14.65 2.83 2.64

Only transition probabilities from the FAC and Cowan
calculated results are listed in Table 1 because of the ab-
sence of transition probabilities in the NIST ASD. A total

of 29 peaks were classified, including 14 new lines. The

peaks were attributed to 3p—4d, 5d, and 3p—4s transitions from
Cr3*—Cr'%* ions. The intense sharp peaks at 8.62 nm and
9.02 nm were attributed to the 3s23p>*S; /2—3s23p24d2P1 /2 and
3s23p32P;, /2—3sz3p24d2D5 /2 transitions of Cr’*, respectively,
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the peaks at 9.18 nm and 12.26 nm were attributed to the
3s23p**P;—3s23p34d*Py and 3s*3p*!Sy—3s?3p’4s!P; transi-
tions of Cr®*, respectively, the sharp peak at 10.64 nm was at-
tributed to the 3s*3p™°P /,-3s*3p*4d’D;, transition of Cr'™,
and the peak at 11.51 nm was attributed to the 3s>3p®!Sy—
3s23p°4d!P, /2 transition of Cr*. Figure 5 shows a parabolic
polynomial by fitting the pixel versus wavelength calibration
using the lines of highly-charged Cr ions. This dispersion
function was also used to calibrate the Cr spectra. With ad-
equate resolution, these lines could be used for EUV spectro-
graph calibration.

15
@ wavelength calibration line Cr VII
—— polynimial fit
=
£ 12}
<
+
20
=}
<
3}
7 Cr IX
B 9r Cr X equation: A+BX+CX?
Cr X R2=0.99991
A =6.13045 +0.02118
B=0.01928 +1.28608x10~*
6 C'=—1.14159%x10-5 +1.60071x10~7
1 1
0 300 600 900
Pixel

Fig. 5. Fitting the pixel vs. wavelength calibration using the lines of
highly-charged Cr ions.

4. Conclusion

Laser-produced Cr plasma radiation in the EUV region
was investigated as an EUV wavelength calibration source.
EUV emission spectra of Cro*—Cr!%* ions over 6.5-15.0 nm
were acquired via spatio-temporally resolved emission spec-
troscopy. Using the line information from the NIST ASD and
from Cowan and FAC calculations, the peaks were identified
as 3p—4d, 3p—5d, and 3p—4s transitions of Cr>T—Cr'%Fions. By
using a normalized Boltzmann distribution among the excited
states and a steady-state collision radiation model, the elec-
tron temperature and electron density and the charge states in
the plasma were investigated. The Cowan and FAC simula-
tion results agreed very well with the experimental spectra. In
conclusion, the results indicate that relatively isolated lines of
highly charged Cr ions can be used for EUV wavelength cali-
bration.
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